Background: Patients with chronic aortic regurgitation (AR) usually have dilated left ventricle due to volume overload. Some of them will reduce in size after elimination of regurgitation, but others not. The present study evaluated the hypothesis that left ventricle end-diastolic diameter (LVEDD), left ventricle end-systolic diameter (LVESD) are related to left ventricle's peak stress (σ) both before and after operation.
INTRODUCTION
The timing of aortic valve operation is crucial for patients with chronic aortic regurgitation (AR) with left ventricular dilation to prevent the development of irreversible change of left ventricular contractile function. [1] [2] [3] The intra-ventricular pressure-volume (P V ) curve ( Fig. 1 ) can be derived with invasive method, the catheterization technique. The P V curve is an effective tool for underlying ventricular systolic efficiency. 4 The P V curve is a gold standard in the evaluation of ventricular function. However, the invasiveness and cost of P V catheterization limits its clinical application. Left ventricular peak stress (σ) and left ventricular end-systolic diameter (LVESD) 5 derived from * Corresponding author: Jaw-Lin Wang, Professor, Institute of Biomedical Engineering, College of Engineering and College of Medicine, National Taiwan University, No. 1, Sec. 1, Jen-Ai Rd., Taipei, Taiwan. Tel/Fax: +886-2-233665269; E-mail: jlwang@ntu.edu.tw. Systolic action begins from right-lower corner (end-diastole) in a counterclockwise direction to the point of left-upper corner (peak-systole), which represents a state of left ventricle's maximal pumping activity. Frank-Starling law describes a stretchstress relationship between these two points.
non-invasive echocardiographic examination (see Method for detailed description) was analogous to the peak-systolic pressure and volume of P V curve (Fig. 1 ).
In addition, according to Frank-Starling law, 6,7 the peak stress is also regulated by diastolic myocardial fiber length, which is a function of left ventricular enddiastolic diameter (LVEDD). The present study is to evaluate magnitude changes of peak stress, LVESD and LVEDD for AR patients before and after aortic valve replacement operation. We also want to define the linear correlation between peak stress and LVEDD both before and after operation. Surviving patients were followed up at out-patient clinic. Echocardiography was performed 6-12 months after operation, as suggested by Bonow et al. 2 Associated blood pressure was measured by cuff sphygmomanometer in supine position during the examination.
MATERIAL AND METHODS
Patients who were lost of follow-up were excluded from the study.
Left Ventricular Wall Stress (σ)
Deduction of Grossman's equation for σ of left ventricle: refer to Fig. 2 , where a and b represent the outer and inner radius of a sphere, respectively. p i and p o represent the pressure inside and outside the sphere, respectively. σ represents the average circumferential wall stress Let
To convert unit of σ from mmHg into kPa,
1.33 is a conversion factor to express the final result in kPa.
Peak stress (σ) of left ventricle was calculated according to the method by Grossman et al. where SBP is the systolic blood pressure (mmHg), LVESD is the left ventricular end-systolic diameter (mm), PW is the thickness of posterior wall of LV, and ∆P is the peak pressure gradient across prosthetic aortic valve.
The pressure gradient is derived by a simplified Bernoulli's equation
The peak flow velocity across prosthetic valve (V 1 ) is estimated by Doppler echocardiographic study.
Statistics
Analysis of pre-operative and post-operative data was performed with Chi-squared test and student-t test. Linear regression analysis was applied to evaluate the relationship between σ and LVEDD before and after the operation. For all statistical evaluations, differences in data with P values of less than 0.05 were considered significantly different. All statistical work was performed using SPSS for Windows (SPSS Inc., Chicago, Illinois).
RESULTS
Sixty-eight patients were included in this study. The demographic data are listed in Table 1 . The LVEDD decreased from 63.6 ± 10.3 to 48.1 ± 8.0 mm after the operation (P < 0.001); LVESD decreased from 42.9 ± 9.9 to 30.2 ± 8.0 mm after the operation (P < 0.001); σ decreased from 15.4 ± 5.1 to 11.4 ± 5.3 kPa after the operation (P < 0.001); LVEF increased from 61 ± 11% to 66 ± 13% after the operation (P = 0.018) ( Table 2 and Fig. 3 ). Figure 4 illustrates the relationship between σ and LVEDD before and after operation. It shows a clear trend that all the plots were distributed along an imaginary linear relationship area. Linear regression analysis revealed that σ = −3.02 + 0.286 * LVEDD for pre-operative data, R = 0.556, P < 0.001; σ = −11.4 + 0.474 * LVEDD for post-operative data, R = 0.736, P < 0.001. Zero-stress LVEDD (value of LVEDD with σ extrapolated to 0 kPa) was 10.6 and 24.1 mm for preoperative and post-operative data, respectively.
DISCUSSION
The present study demonstrate that σ and LVEDD are closely related to each other before and after aortic valve replacement operation. This relationship might be a useful parameter to non-invasively evaluate the myocardial efficiency of left ventricle. In addition, higher slope between σ and LVEDD in linear regression equation after the operation (0.286 for pre-operative data and 0.474 for post-operative data) may indicate improved myocardial contractile efficiency after the aortic valve replacement operation for the patient group. For cases with chronic AR, histological study has demonstrated that LV fibrosis and myocyte necrosis were in proportion to the hemodynamic burden in rabbit model even in early period. 10 In another study, AR-induced myocardial damage was demonstrated to occur even before functional deterioration.
11 From surgical point of view, LVESD > 55 mm is the most important poor prognostic indicator for LV regression after valve replacement for chronic AR. 2, [12] [13] [14] But as shown in Fig. 4 in the present study, there were a number of cases with pre-operative LVESD > 55 mm that decreased in LV size after the operation. Our study investigated stress-length relationship for AR patients before and after the operation. It might be useful to differentiate the potential of LV regression after surgical correction of AR. Several methods were reported in the early studies to examine contractile efficiency of left ventricle, including using systolic pressure-volume relationship 15 with dobutamine stimulation, three-dimensional endsystolic maximum principal stress as estimated by MRI, 16 ex vivo passive resting tension-systolic pressure relationship. 17 As compared with those study methods, the present method to estimate stress-length relationship has the advantage of non-invasiveness and convenience.
The calculation equation used in the present study to estimate LV peak stress was also used in earlier studies. 12, 18, 19 The present study additionally evaluates myocardial contractile efficiency in a stress-length relationship. This method was more physiological than simply comparing LV peak stress. As shown in Fig. 4 , LVEDD-σ relationship can help to differentiate ventricles with "preserved" function from "decompensated" function before operation. This differentiation is important for planning treatment strategy such as to receive valve replacement operation or heart transplantation. Second, in order to facilitate regression of LV after aortic valve operation, decrease of σ can be achieved by using vasodilator to decrease blood pressure. Third, small-sized valve prosthesis is related to high pressure gradient, so it is disadvantageous for late LV regression for patients with pre-existing LV dilation.
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For most of the cases in the present study, σ decreased after the operation, which was attributed to the elimination of aortic regurgitation, decrease in stroke volume and pulse pressure, and decrease in LVESD. But there were still some cases with increased σ after the operation. The main reason is inadequate regression of LVESD due to pre-existing heart failure, combined with high pressure gradient across prosthetic valve, high systolic blood pressure. Therefore, to facilitate LV regression after the operation, σ can be decreased by a number of methods, such as choosing aortic prosthesis with low-pressure gradient, using vasodilator to decrease systolic blood pressure, might be a useful way to facilitate regression of LV after the operation.
In conclusion, the present study demonstrates a preliminary result that σ might provide a useful clinical parameter to estimate LV systolic efficiency. When combined with LVEDD, the stress-length relationship is a useful indicator for myocardial contractile efficiency.
